

















Table 3. Selected competition/predation data measured in four study reaches from 1991-1995 in four streams tributary to
Lake Superior, Minnesota. Two data seprated by a comma represent means of the first, and second year classes
stocked. Two data seperated by a dash represents the range of the four observations.

French " Stewart

Amity . Two Island
Creek River River River
Age 0 steelhead, 3.987, 4.910 3.147,2.820 3.358, 4.290 2.451, 2.380
mean weight (g)
Age 0 steelhead, mean condition 1.018, 1.068 0.902, 0.961 0.941,1.018 1.052, 0.969
factor (g-10%-mm®)
Adult brook trout 0.20-1.00 2.48-7.40 0.21 -6.00 2.0 -221
(>age 0, number-100 m?) .
Age 0 brook trout 0.00 - 2.91 0.00-8.60 0.00-0.30 4.40-22.51
(number-100 m2)
Slimy sculpin 17.60 - 65.10 0.00 0.00 1 26.60-41.20
(number-100 m?)
Blacknose dace 10.70 - 21.80 20.00 - 34.45 5.00 - 12.58 0.00
(number-100 m2)
Longnose dace 0.00 0.00 - 0.80 28.20 - 56.84 0.00
(number-100 m-2)
Creek chubs ) 0.00 - 3.00 5.70-15.79 0.90-2.47 V 0.00
(number-100 m?) :
Northern redbelly dace 0.00 0.00-11.10 0.00 - 1.40 0.00

(number-100 m?)

Data Analysis

We assumed that mortality increased
dramatically as discharge increased above some
threshold value. To identify thresholds, dis-
charge data were expressed as a series of
redundant variables: frequency and percent of
time that discharge equaled or exceeded the 1%
exceedence value; the 5% exceedence value;
the 10% exceedence value; etc.. Exceedence
is an index of relative discharge (Bedient and
Huber 1988). One percent exceedence, for
example, was a very high discharge that was
exceeded only 1% of the time during the four
years of study in the reach. Similar variables
were developed to determine low flow thresh-
olds.

We developed variables that were
composites of the measured variables, and

some that integrated the duration and intensity

of a variable. For example, the mean specific
stream power index (MSSPI) was a composite
variable integrating discharge, gradient, and
channel width to evaluate a stream's energy or
power to displace fish.

MSSPI = Q-S-W!
WHERE: Q = discharge (m*s?)
S = slope (gradient) of the reach (m'km™) -
W = mean bank full width (m)

The MSSPI value was calculated for each mean
hourly discharge and is proportional to a metric
called the specific stream power, described in
the hydraulics literature (Ferguson 1987).
Regressors integrating the magnitude and
duration of extreme air temperatures were
developed (e.g., Y, daily low temperatures < -
17.8° C, Seelbach 1987). Stressful stream
temperatures were expressed as degree-hours



of water temperature <5°C or >23°C. The
effects of cold water temperatures (Cunjak and
Power 1987a, Smith and Griffith 1994) and
high water velocities (Cunjak 1988) were
integrated as degree-hours of water tempera-
ture <5°C when the discharge was also greater
than the 25% exceedence discharge. ‘

Environmental variables were grouped
to facilitate analysis. Variables were divided
_into four groups categorized as Discharge,
Climate, Geomorphology, and Competition/
predation assuming that the variables in each
category were likely to be correlated. Vari-
ables in each variable category were then
allocated to one of two subsets: one to develop
a "YOY survival model;" and a second subset
to develop an "age 1 survival model." The
YOY survival model subset contained data
collected exclusively during the interval from
stocking to the first electrofishing assessment.
The age 1 survival model data set contained
data collected exclusively during the interval
between the first and second electrofishing
assessments. Geomorphology data were com-
mon to both intervals, so both subsets con-
tained the variables.

The number of variables in each subset
was then reduced to a more tractable number
of regressors. It was clear after inspection of
the data sets that survival was not correlated
with the MSSPI index, stream water chemistry,
or the chlorophyll a accrual rate, so they were
eliminated from further analyses. Simple
correlation matrices were then developed for
each variable group. Scatter plots of the vari-
ables most correlated with survival were devel-
oped and inspected. Variables with few data
points or with influential outliers were elimi-
nated from the analyses. When two or more
variables were correlated with survival and
with each other, one variable was selected for
regression based on some practical consider-
ation such as ease of measurement. Variables
that were most correlated with the appropriate
survival rate were selected from among the
four categories for stepwise forward and back-
ward regression analysis (Table 4). Alpha to
enter and remove was 0.15. Statistical signifi-
cance of the model coefficients was defined at

- the 0.05 level.

Table 4. Variables included in the stepwise linear regression analyses and their simple correlations (r) with survival.

VARIABLE

T

Young-of-the-Year (YOY) Model

% of time discharge > 50% exceedence within 4 weeks of stocking -0.629
Y. (mean hourly stream temperature - 12°C) for all mean temparatures > 12°C 0.711
% of water surface area containing forest debris -0.658
Weighted mean substrate diameter 0.629
Sector gradient 0.815
- Age 1 Model
Exceedence value on the day that permanent ice cover formation began 0.639
Discharge during the highest water temperature 0.668
Hours of water temperature < 5°C and discharge > 90% exceedence 0.589
Total snowfall by 15 January 0.570
Highest annual water temperature -0.527
Total hours of highest water temperature -0.574
% of water surface area containing forest debris 0.629
Riparian forest canopy density (%) 0.581
Mean weight of YOY steelhead on 1 October -0.645
Variance of the mean weight of YOY steelhead on 1 October -0.630




RESULTS
Survival Rates and Densities

Marked fish were usually vigorous
when  released  during electrofishing
assessments and very few mortalities were
observed, suggesting that mortalities were
insufficient to bias the population estimates.
Survival rates were quite variable, ranging
from 0.7% to 9.0% through two summers of
growth (Table 5). YOY densities ranged from
6.4-81.0-100m™. Age 1 densities ranged from
1.4-14.4-100m™.

YOY Survival Model

Both stepwise forward, and backward
procedures resulted in the same model. The
model explained 69% (adjusted R? of the
observed variation in the survival rate. YOY
survival (Y) increased with weighted mean
substrate diameter (X;), and decreased with
duration (h) of discharge greater than the 50%
exceedence (median) discharge within four
weeks after stocking (X,). Specifically,

Y = 12.719 + 0.126'X, - 0.269-X,

@

Age 1 Survival Model

Both stepwise forward and backward
procedures again resulted in the same model.
This model explained 97 % (adjusted R?) of the
variation in the survival rate. Survival of age
1 parr (Y) increased with discharge during the
highest mean hourly water temperature of the
summer (X;), increased with cumulative
snowfall before 15 January (X,), and increased
with the percentage of the stream surface area
occupied by forest debris (X;). Specifically,

Y =-24.24 + 2.26:X; + 1.32:X, + 14.96-X,

Predicted survival through two sum-
mers of growth is obtained by the product of
the YOY and age 1 model survival estimates.

DISCUSSION

Model predictions should be viewed
with caution if weather or habitat measure-
ments from the stream where prediction is
desired are outside the ranges of the data used
to develop the models (see Tables 2 and 3).
Our study reaches were representative of North

Table 5. Survival rates and densities of steelhead parr stocked in four study reaches from 1991-1994 in four streams

tributary to Lake Superior, Minnesota.

Survival(%) Age 1 density: Overall

Survival(%) YOY density:

Year age O to number- age 1to number- survival
Stream Class age 1 100m2 age 2 100m? rate (%)
Amity Creek 1992 324 216 28.3 6.1 9.0

1994 17.8 224 6.5 1.4 1.1
French River 1991 1.8 11.8 373 4.4 0.7

1993 8.7 21.7 47.0 10.2 4.1
Stewart River 1991 13.6 81.0 17.8 14.4 24

1993 5.7 15.1 29.0 44 1.7
Two Island 1992 6.3 6.4 63.6 4.1 4.0
River 1994 13.2 26.7 223 6.0 2.9
Mean 12.4 251 31.5 5.1 3.9




Shore streams, and weather during the study
was considered typical for the area. We did
not experience drought, unusually long periods
of extreme heat or cold, or winter flow cessa-
tion during the study. The survival models

developed in this study are inappropriate for

these extreme conditions.
YOY Limiting Factors

Steelhead may only be susceptible to
displacement by floods during a limited period
immediately after stocking. Work by Nuhfer
et al. (1994) showed that recruitment of brown
trout was inversely related to stream discharge
during 30 d periods when fry were entering the
free feeding stage of development; the stage at
which our steelhead fry were stocked. Flood
displacement has also been reported for chi-
nook salmon (Oncorhynchus tshwytscha) fry by
Irvine (1986).

We suspect that after territories were
established, and YOY steelhead were accli-
mated to the stream, they were at much lower
risk of displacement by flooding. Lack of a
significant flood variable in-the age 1 model
and recent observations of emigrating steelhead
in the French River support this hypothesis.
No steelhead were captured in our smoit trap
during a flood in 1996 while discharges re-
ceded from 9.63 to 1.98 m*s”, but they were
captured at discharges less than 1.98 m3s™.
Age 1 juveniles were apparently able to avoid
flood displacement by seeking cover, but
moved downstream of their own volition at the
lower discharges.

The significant positive partial regres-
sion coefficient of the weighted mean substrate
diameter suggests that survival of YOY in-
creased as substrate size increased. Large
substrates probably provided lateral cover
which prevented YOY steelhead from being
displaced during floods, and provided resting
sites that minimized energy expenditure during
drift feeding (Fausch 1984). Fausch and White
(1981) suggested that resting sites can be a
"critical and scarce" resource, characteristics
of a limiting factor. Invertebrate production is
also positively correlated with substrate size

(Bell 1969), and more food may enhance
growth and survival of fish.

Age 1 Limiting Factors

Correct understanding of our Age 1
model requires a caveat: early emigrants are
indistinguishable from true mortalities within
the study sector. Smolt trap data from French
River show that many steelhead parr emigrate
at age 1 during their second season of growth.
In 1995, for example, 60% of the emigrating
steelhead were age 1 parr. Electrofishing of
age 1 parr took place in late fall during this
study, so our mortality estimates included
presmolts that emigrated. We hypothesize that
these age 1 migrants were not smolts, and
emigrated because habitat was unavailable.
Recent analyses of scales from adult steelhead
captured in the French River fish trap substan-
tiate the conclusion of Hassinger et al. (1974)
that age 1 emigrants survive poorly in Lake

: Superior and contribute little to the fishery.

The Age 1 model suggests that higher
flows may have mitigated the effect of high
water temperature (>23°C). Rainbow trout
can survive warm temperatures as long as well
oxygenated water is available (Scott and
Crossman 1973). Increased discharge is almost
always accompanied by increased turbulence
which may yield higher dissolved oxygen
concentrations, and thus, yield greater survival
rates. Three of the four study sites were in
upstream areas that were well shaded, yet a
variable related to high water temperature was
significant. The scatter plot of age 1 survival
versus this variable, however, was highly
influenced by one datum, suggesting that the
biological significance of this variable is sus-
pect in our study reaches. Lower reaches of
many North Shore streams are often stressfully
warm in summer, as evidenced by observations
of moribund salmonids during high stream
temperatures.

We hypothesize that total snowfall
prior to 15 January was positively correlated
with survival of age 2 parr because deep snows
insulated stream waters from very cold air
temperatures. Other workers have found that
early winter is a stressful period for stream



dwelling salmonids because maintenance me-
tabolism exceeds energy gain from feeding,
reducing lipid reserves (Gardiner and Geddes
1980, Cunjak and Power 1987a, Cunjak 1988).
Heavy snow insulates stream waters from cold
air temperatures and may mitigate the physio-
logical stress of cold water. Heavy snow cover
may also limit anchor ice formation which is
known to be destructive to aquatic organisms
of all types (Butler 1979).

Our findings suggest that woody debris
may be as important for North Shore steelhead
as it is for Pacific salmonids in their native
range. Heifetz et al. (1986) found that winter-
ing juvenile steelhead preferred deep pools
containing cover such as woody debris, root
wads, and cobble; riffles, pools, and glides that
did not contain such cover were not used.
Swales et al. (1986) found that wintering
chinook salmon were most abundant in deep
pools containing log debris, suggesting such
habitat is preferred, and its lack may limit
survival. Woody debris often improves habitat
for juvenile salmonids by altering a stream's
hydraulic morphology (Elliot 1986, Bilby and
Ward 1991, Flebbe and Dolhoff 1995).
Fausch and Northcote (1992) projected that
80% of the salmonid biomass was forgone in a
332 m long reach due to prior debris removal.

Our analysis indicates that age 1 sur-
vival might be increased by the addition of
woody debris. If the steelhead population is
limited by smolt yield, then an increase in age
1 survival could increase adult steelhead abun-
dance. If, for example, the 1995 catch of
emigrant steelhead in the French River is
typical (60% age 1), and if the age 1 parr
emigrate because of a lack of woody debris,
doubling the present amount of woody debris
could double the abundance of age 2 presmolts
and increase smolt yield.

If fisheries managers wish to increase
juvenile steelhead survival, they need to influ-
ence management of the entire watershed.
Fisheries managers should discourage clear
cutting in watersheds of streams containing
juvenile steelhead, particularly in the riparian
zones. Undisturbed forests retard runoff and
moderate floods (Wesche 1993), reduce stream
temperatures (Verry 1996), and insure the
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continuous input of woody debris. They
should encourage loggers to leave an undis-
turbed forest corridor equaling 10-bankfull
width + 15 m on both sides of the stream
(Verry 1996). Beaver impound and kill trees
in large areas, creating beaver meadows and
interupting the supply of woody debris for
many years. Beaver should be removed from
streams containing steelhead and discouraged
from recolonizing by the planting of conifers in
the riparian zone. Removal of woody debris
from streams should be avoided unless debris
blocks upstream migration of fish (AFS 1983,
Elliot 1986). ‘

MANAGEMENT IMPLICATIONS

Fisheries managers will probably be
most effective at implementing land use prac-
tices that benefit steelhead by participating on
multidiscipline resource management teams.
Such teams focus on the ecosystem, giving
fisheries equal consideration with other re-
source products.

Small scale addition of woody debris
warrants further study. Limitation of steelhead
by woody debris can only be proven if survival
rates increase after the addition or decrease
after removal of woody debris when compared
to an untreated reference stream. It is impor-
tant to determine the role woody debris plays
in juvenile steelhead survival and how its
placement” may maximize survival before
addition of woody debris is considered as a
routine management strategy. Work should
continue to address the relative importance of
smolt yield versus subsequent survival in Lake
Superior as limiting factors for steelhead.
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